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a b s t r a c t

Adsorption of the antibiotic minocycline (MC) on cerium(IV) oxide, CeO2, has been studied in batch
experiments by performing adsorption isotherms/kinetics under different conditions of pH, supporting
electrolyte concentration, and temperature. CeO2 was composed by nanoparticles whose grain size
was around 9 nm. The adsorption of MC on the studied material is strongly dependent on pH, increasing
as pH decreases. The adsorption mechanism, controlled by diffusion processes, is strongly related to elec-
trostatic attractions and H-bond formations mainly between dimethylamino, amide, carbonylic and phe-
nolic groups of the antibiotic and the functional groups of CeO2 nanoparticles. On the other hand, the
adsorption capacity at constant pH increases as ionic strength decreases and as temperature increases.
The analysis of thermodynamic parameters suggests that the adsorption on CeO2 is endothermic and
not spontaneous in nature. Ceria nanoparticles might act as an alternative adsorbent for pollution control.

� 2012 Elsevier Inc. All rights reserved.

1. Introduction

Pharmaceutical antibiotics are used extensively worldwide in
human therapy and farming industry. In the United States alone,
the annual antibiotic production was estimated to be 227 million
kilograms in 2000 [1]. The antibiotics administered are often
poorly metabolized and absorbed by humans and animals and,
therefore, tend to enter the aquatic environment [2–4]. Exposure
to residues of antibiotics and their transformed products might
cause a variety of adverse effects, including acute and chronic
toxicity and microorganisms antibiotic resistance [5,6]. However,
the removal of antibiotics by conventional water treatment tech-
nologies is incomplete [7,8]. Hence, there is an increasing demand
for developing more effective treatment technologies to remove
pharmaceutical antibiotics from water.

Removal of antibiotics and other anthropogenic compounds by
adsorption is considered the major cause of pollutant deactivation
and it is important from the point of view of both inhibiting their
toxic properties and restricting their transport into water systems.
A widely variety of solids such as clays, metal oxides and activated
carbon have been used for those purposes. Some of them are good
adsorbents in certain experimental conditions but have little or no
capacity to adsorb in natural conditions [9], which facilitates the
antibiotic leaching into groundwaters. On the contrary, other solids
have high affinity for contaminants, protecting them in the ad-
sorbed state from the attack of microorganisms and preventing

its degradation [10]. Due to its strong adsorption affinity and rela-
tively low cost, activated carbon has been commonly used as an
effective adsorbent for many antibiotics. However, this material
has several disadvantages such as (a) it is inactive towards hydro-
philic and/or electrical-charged molecules, (b) it predominantly
consists of micropores (<2 nm in size) with irregular-shape, closed
pore structures, where the adsorption of bulky organic chemicals
might be greatly impeded by the size exclusion effect, (c) its work-
ing capacity decreases in the presence of natural organic matter,
and (d) its regeneration is questionable [11,12]. Recently, we have
reported the use of a mesoporous titania–silica material as a very
effective solid for removal the antibiotic tetracycline due to its
both high adsorptive and catalytic capacities [13].

In this work we have used cerium(IV) oxide or ceria, CeO2. This
material is a cubic fluorite-type oxide, and is considered as the most
important of rare-earth oxide, due to extraordinary thermal and
chemical stability, which makes the system promising for many
application patents [14]. The high level of interest is due to impor-
tant industrial applications such as solid oxide fuel cells, insulators,
high refractive index materials, UV filters, polishing materials, gas
sensors, high-temperature oxidation resistance, free-radical scav-
engers, etc. [14–19]. The use of CeO2 as catalysts and adsorbents
have been also reported [20]. It can maintain excellent adsorption
capacity at temperatures as high as 800 �C under some specific con-
ditions [21,22], and over a wide pH range [23,24]. The presence of
common anions such as nitrate, chloride, sulfate, and carbonate in
aqueous solution has no significant impact on its adsorption ability
[23,24]. CeO2 can be commercially obtained or it can be synthesized
in a laboratory with a mesoporous structure by using cerium(III
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and/or IV) inorganic salts as ceria precursors and ionic and/or non-
ionic surfactants as templates [14].

The aim of this article is thus to present a study of adsorption of
the antibiotic minocycline on mesoporous CeO2, which was syn-
thesized in our laboratory by using cerium(IV) sulfate as ceria pre-
cursor and cetyltrimethylammonium tosylate as template. The
data obtained at a variety of pH, ionic strengths, and temperatures
are used to gain insights into the mechanisms that govern the
adsorption process and into the factors that promote or prevent
adsorption. Minocycline (MC) is an antibiotic from tetracycline’s
family that exhibit broad-spectrum antimicrobial activities against
a variety of disease producing bacteria. The maximum permissible
concentration of MC (and others tetracyclines) in aqueous solu-
tions for industrial and pharmacy wastewaters is very low
(1 lg L�1) although concentrations of 15 lg L�1 MC in wastewater
effluents have been reported [25]. It bears different charges on dif-
ferent sites depending on solution pH as shown in Fig. 1. The fully
protonated species of MC exists at low pH values (MCH2þ

4 ). As the
pH increases, the first deprotonation step (pKa = 2.8) occurs at the
hydroxyl group on C3 leading to the formation of a species with
one positive charge (MCHþ3 ). The second deprotonation step
(pKa = 5.0) takes place in the aromatic amino group generating a
zwitterionic species (MCH�2 . The third deprotonation (pKa = 7.8) in-
volves the O10–O12 ketophenolic hydroxyl group giving rise to a
species with negative charge (MCH�). Finally, the fourth deproto-
nation (pKa = 9.5) involves the dimethylamino group giving rise
to a species with two negative charges (MC2�) [26,27].

2. Materials and methods

2.1. Chemicals

Cetyltrimethylammonium p-toluene sulfonate or tosylate
(CTAT, MW = 455.7 g mol�1) was obtained from Aldrich. Cerium(IV)
sulfate were purchased from BDH Reagents & Chemicals. NaOH,
KCl, KNO3, HNO3. HCl, sodium acetate, acetic acid, sodium carbon-
ate, sodium hydrogen carbonate, disodium phosphate anhydrous,
and monosodium phosphate anhydrous were obtained from Ane-
dra. Minocycline hydrochloride was purchased from PARAFARM,

and its purity (99%) was confirmed by X-ray diffraction (XRD) and
FT-IR spectroscopy. All chemicals were of analytical grade and used
as received. Doubly distilled water was used for the preparation of
solutions.

2.2. Synthesis and characterization of CeO2

Ceria was obtained as follows: 40 mL of CTAT solution was pre-
pared by adding 0.261 g of the surfactant to water. Then, 20 mL of
NaOH 1.375 M was added to the surfactant solution under vigor-
ous stirring. To obtain the mesoporous material 1 g cerium(IV) sul-
fate was added 15 min after the addition of the NaOH solution. The
final molar gel composition of the mixture was: 1 Ce(SO4)2:0.19
CTAT:9.14 NaOH:1107 H2O. The resulting material was stirred for
30 min at 500 rpm and then left for 24 h at room temperature.
Then, it was filtered and washed with distilled water and left to
dry at room temperature. Finally, it was calcined in an air flux by
increasing the temperature from room temperature to 540 �C with
a heating rate of 2 �C min�1, and holding for 7 h at 540 �C.

The synthesized CeO2 was characterized by the techniques
usually employed in porous materials, such as scanning and trans-
mission electron microscopy; XRD; FT-IR spectroscopy; electro-
phoretic mobility measurements; and the N2-BET method for
surface area, pore volume and pore diameter determination.
Scanning electron microscopy (SEM) was performed using an
EVO 40-XVP microscope. The sample was prepared on graphite
stubs and coated with a ca. 300 Å gold layer in a PELCO 91,000
sputter coater. Transmission electron microscopy (TEM) was per-
formed using a JEOL 100 CX II transmission electron microscope,
operated at 100 kV with magnification of 450,000�. Observations
were made in a bright field. The powdered sample was placed
on copper supports of 2000 mesh. XRD patterns were collected
via a Philips PW 1710 diffractometer with CuKa radiation
(k = 1.5406 Å) and graphite monochromator operated at 45 kV,
30 mA and 25 �C. The isoelectric point (IEP) of CeO2 was measured
with a Zetasizer Nano Series instrument (Malvern Instruments
Ltd.) at room temperature. Stock CeO2 suspensions containing
0.1 g L�1 of solid in 10�2 M KNO3 were used for those purposes.
The pH of the suspensions was then adjusted to the desire value
by adding small volumes of HNO3 or KOH solutions. The N2 adsorp-
tion isotherms at 77.6 K were measured with a Quantachrome
Nova 1200e instrument. The sample was degassed at 373 K for
720 min at a pressure of 1 � 10�4 Pa. FT-IR experiments were re-
corded in a Nicolet FT-IR Nexus 470 spectrophotometer. To avoid
co-adsorbed water the sample was dried under vacuum until
constant weight was achieved and diluted with KBr powder before
the FT-IR spectrum was recorded.

2.3. Adsorption experiments

Adsorption experiments (in darkness to avoid photodegrada-
tion) were obtained with a batch equilibration procedure using
15 mL polypropylene centrifuge tubes covered with polypropylene
caps immersed in a thermostatic shaker bath. Before starting the
experiment, a stock MC solution (5 � 10�4 M) was prepared by
adding the corresponding solid to pH buffer solutions. The pHs
used in these studies were 4.4, 7.0, and 9.5 by using 0.1 M ace-
tate/acetic acid, HPO�2

4 =H2PO�1
4 , and CO�2

3 =HCO�1
3 buffer solutions,

respectively. Fifty milligrams of mesoporous material were intro-
duced into the tubes and mixed with varying quantities of MC
and KCl (used as supporting electrolyte) solutions. The range of ini-
tial MC concentration was 5–400 lM, and the final volume was
8 mL. The stirring rate was kept constant at 90 rpm. At different
reaction times, the particles were separated from the supernatant
by centrifugation at 4000 rpm during 2 min and the supernatant
was immediately analysed to quantify the concentration of
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Fig. 1. Molecular structure of fully protonated minocycline and its speciation under
different pH values in aqueous solution.
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adsorbed MC. After the quantification (see below), that took
around 30 s, the supernatant was reintroduced into the tube. This
procedure (separation, quantification of MC and reintroduction of
the supernatant into the reaction tube) was repeated during
several hours in order to achieve complete adsorption of the anti-
biotic or to gather enough data points. The last data point obtained
of these experiments was assumed as equilibrium concentration of
MC in the supernatant. Adsorbed MC was calculated from the
difference between the initial MC concentration and the concentra-
tion of the antibiotic that remained in the supernatant solution. In
most experiments no supporting electrolyte was used and the
working temperature was 25 �C (except when effects of ionic
strength and temperature were investigated).

Quantification of MC was performed by UV–vis spectroscopy at
354 nm for pH 4.4, at 345 nm for pH 7, and at 382 nm for pH 9.5
using an Agilent 8453 UV–vis diode array spectrophotometer
equipped with a Hellma 1 cm quartz cell. This is due to the shifting
of the maximum absorption band of MC as pH varies. The superna-
tant of the withdrawn aliquot was placed into the cell and the
spectrum was recorded in the 200–900 nm wavelength range.
Calibration curves at the working pH were also conducted with
several MC solutions having concentrations that ranged between
5 � 10�6 and 1 � 10�3 M. Very good linearity was found in all cases
(r2 > 0.998).

The adsorption isotherms were fitted using the Freundlich
equation, which was commonly used in the adsorption of antibiot-
ics on several adsorbent systems [8,13]. The linear form of this
equation is displayed as follows:

ln MCads ¼ ln KF þ
1
n

ln MCeq; ð1Þ

where MCads is the adsorbed amount of MC (lmolg�1); MCeq is the
equilibrium concentration of MC in the supernatant (lM); KF is
the Freundlich constant; and 1/n is the adsorption intensity. From
the linearized form of Eq. (1), KF, 1/n, and the correlation coefficient,
r2, can be calculated.

The adsorption kinetic is traditionally described following the
expressions of the pseudo-first and the pseudo-second order
equations originally given by Lagergren, which are special cases
for the general Langmuir rate equation [28]. However, these mod-
els cannot give interaction mechanisms, so another model to test
antibiotic adsorption on the studied materials was also used. A
pore diffusion model, described by Eq. (2), was used here and in
most solid/solution interaction studies [13,29]:

ln qt ¼ kdiff t�1=2 þ I; ð2Þ

where kdiff is the pore diffusion rate constant (lmol g�1 min�1/2)
and I is the intercept (lmol g�1). If the adsorption mechanism fol-
lows the pore diffusion process a plot of ln qt versus t�1/2 should
be a straight line with a slope kdiff and intercept I.

3. Results and discussion

3.1. Characterization of CeO2

Fig. 2 shows the electronic micrographs of synthesized sample.
According to the SEM image (Fig. 2a), CeO2 shows randomly
shaped aggregates of variable sizes, which is probably due to a fas-
ter condensation of ceria during calcination, and these do not pro-
vide a clear morphology. The aggregates are formed by
nanoparticles whose average diameter is around 9 nm (Fig. 2b),
which is in agreement with those reported in literature [30].
Fig. 2b also shows that the nanoparticles are nearly spherical, but
have slight faceting indicating the possibility that different

crystallographic planes, each with a different atomic density, are
interfacing with the aqueous phase [30].

CeO2 was also characterized by XRD, nitrogen sorption iso-
therms, electrophoretic mobility and FT-IR spectroscopy and the re-
sults are shown in Fig. 3. Ceria shows typical XRD patterns at
2h = 28.6, 33.2, 47.4, 56.4, 59.1, 69.4, 76.8 and 79.1 (Fig. 3a), which
are characteristic of the cubic fluorite structured CeO2 [30,31]. The
strong and sharp diffraction peaks indicate the good crystallization
of the samples. No additional peaks in the XRD were observed,
revealing the high purity of the prepared ceria nanoparticles. In fact,
the grain size of CeO2 nanoparticles, determined from the width at
half maximum of the (111) peak according to the Scherrer formula
[32], is 8.7 nm, which is consistent with the TEM studies. Nitrogen
sorption isotherms of CeO2 are presented in Fig. 3b, which exhibits
a type IV isotherm with a H3 hysteresis loop that is characteristic of
mesoporous materials [31]. The BET specific surface area and the
pore volume are calculated to be 33.52 m2 g�1 and 0.06 cm3 g�1,
respectively. The BJH pore size distribution (inset in Fig. 3b) shows
an irregular distribution of the pores in the material. In the range of
1.50–60.00 nm, there are two peaks at 2.02 and 12.92 nm. This
irregularity suggests the co-existence of pores with different sizes,
which were probably formed by the stacking of CeO2 particles [33].
Fig. 3c shows the variation of the potential zeta of the studied CeO2

as a function of the pH. Ceria nanoparticles has an isoelectric point
(IEP) of 4, which values are closed with the results reported by Patil
et al. [34] and recently by Goharshadi et al. [31] on the synthesis of
CeO2 nanoparticles obtained by microemulsion and microwave
methods, respectively. Moreover, Patil et al. [34] reported that the
IEP of CeO2 depends on both the synthesis method and the chemi-
cals involved in the synthesis process. In fact, the use of NH4OH for
the synthesis of CeO2 by microemulsion process led a material with
an IEP of 4.5 whereas the ceria nanoparticles treated with a HCl
solution in the last step during hydrothermal synthesis process
led a material with an IEP of 9.5. Fig. 3d shows the FT-IR spectrum

Fig. 2. Electron micrographs of synthesized CeO2: (a) SEM, 20,000�; and TEM,
450,000�.
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of CeO2. The most important features of this material are a broad
band centered at 3395 cm�1 associated to physically adsorbed
water, a peak located at around 1640 cm�1 due to the bending
vibration of associated water, and a peak centered at 447 cm�1

which is attributed to Ce–O stretching, [35,36]. The vibration peaks
located between 980 and 1400 cm�1 are similar to that of commer-
cial ceria powders and those reported by Li et al. [37] on the synthe-
sis of 3D flowerlike CeO2 microspheres.

3.2. MC adsorption studies

Adsorption kinetics of MC on CeO2 as a function of pH were shown
in Fig. 4. The adsorption is very fast between t = 0 and 5 min. It is so fast
that no data point could be measured in this period with our experi-
mental set up. At t > 5 min the adsorption takes place at a much slower
and measurable rate. Although adsorption seems to reach completion

at around 180 min, some long-term kinetic experiments revealed that
adsorption continues after several days, but very slowly. Fig. 4 also
shows that the adsorption on both adsorbents is strongly dependent
on the pH. It is relatively high at low pH and decreases significantly
at higher pH values. All data are fitted well to the pore diffusion model
with r2 > 0.99. The kdiff values at pH 4.4, 7 and 9.5 are 0.183, 0.077 and
0.016 lmol g�1 min�1/2, respectively. These values are comparable to
those reported in a previous paper on the adsorption of tetracycline on
TiO2 nanoparticles and on the binary system TiO2–SiO2 at the same
experimental conditions [13] suggesting that CeO2 can act as a good
adsorbent for MC kinetically.

The effect of pH can be better observed in the respective adsorp-
tion isotherms shown in Fig. 5. As expected, the adsorption is rel-
atively high at pH 4.4 and decreases significantly at pH 7 and 9.5
indicating that the affinity of MC for CeO2 surface is higher at
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low pH. MC adsorption on CeO2 seems to take place by binding the
antibiotic to the ceria, generating surface species MC–CeO2. The
binding between the antibiotic and ceria can be visualized compar-
ing the FT-IR spectra of CeO2, MC and MC adsorbed on CeO2 at pH
4.4 such as shown in Fig. 6. MC shows characteristic peaks at 2743
and 2657 cm�1 associated to NHRþ3 group, 1674 and 1520 cm�1 as-
signed to the Amide I and Amide II bands, 1615 and 1582 cm�1 as-
signed to C@O stretching vibration at rings A and C, respectively,
1456 cm�1 assigned to C–C stretching vibration, 1357 cm�1 as-
signed to –CH3 deformation vibration, 1244 cm�1 which is attrib-
uted to C–N amine stretching vibration, and 1176 cm�1 assigned
to the phenolic C–O stretching band [38]. Ceria peaks are observed
in the IR spectra of MC–CeO2, whereas the bands assigned to NHRþ3
group are not observed. The peaks assigned to the polar groups of
the antibiotic are shifted to lower frequencies with respect to bulk
MC. Similar results were found for MC–montmorillonite [26]. The
obtained results confirm that the NHRþ3 groups of MC are bound
to the ceria surface, mainly due to electrostatic interactions,
whereas other polar groups of the molecule could participate in
non-electrostatic interactions (e.g. H-bond formations) with the
surface.

The effects of ionic strength on the adsorption of MC isotherms
on CeO2 at pH 4.4 and 25 �C are shown in Fig. 7. The adsorption
depends on the ionic strength; it decreases as the KCl concentra-
tion increases. These results suggest that formation of ionic pairs
or outer-sphere complexes is the prevailing adsorption process:
the competition between MC (as MCH3

+, see Fig. 1) and K+ for neg-
atively charged groups leads to an important decrease in MC
adsorption by increasing K+ concentration. Results resemble those
reported by Li et al. [39] and Chang et al. [40] for the adsorption of
tetracycline on kaolinite and palygorskite, respectively, where
competition between the antibiotic and electrolyte cations was
proposed to play a key role.

The effects of temperature on the adsorption of MC on CeO2 at
pH 4.4 are shown in Fig. 8. The adsorption is significantly affected
by varying the temperature from 5 to 45 �C, i.e., the adsorption in-
creases as temperature increases. Several reports exist about the
effect of temperature in the adsorption behavior of tetracycline-
type antibiotics on different adsorbents. Tanis et al. [41] showed
that the adsorption of tetracycline on iron oxides-coated quartz
increased by increasing temperature suggesting that a chemisorp-
tion-like process may play an important role in the tetracycline-
adsorbent system. These observations are significantly different
from those reported by Turku et al. [42], who reported that the
adsorption of this antibiotic on silica decreased by increasing tem-
perature (physical adsorption). Li et al. [39] showed similar results
to those reported by Turku et al. [42] in the tetracycline–kaolinite
system at pH higher than 7.7 whereas the adsorption was not
significantly affected by varying the temperature at pH 6 or lower.

Moreover, a recently paper reported that the adsorption of tetracy-
cline on TiO2–SiO2 was not significantly affected by varying the
temperature suggesting that the adsorption was strongly depen-
dent on the type of adsorbent [13]. Although the results shown
in Fig. 8 seem to agree with those reported by Tanis et al. [41],
the strong decrease in adsorption by increasing the ionic strength
(Fig. 7) suggests that there is a physical adsorption in our system.
In addition, it is known that for adsorption processes controlled by
diffusion the rate of the adsorbate molecules across the internal
pores of the adsorbent particle increases as temperature increases,
owing to the decrease in the viscosity of the solution [43]. This pro-
vokes, thus, an increase in adsorption.

From the data showed in Fig. 8 were obtained the thermody-
namic parameters of the Gibbs free energy (DG�), enthalpy (DH�),
and the entropy (DS�) for the adsorption of MC on the studied
material using the following equations:

DG� ¼ �RT ln
MCs

MCeq

� �
; ð3Þ

ln
MCs

MCeq

� �
¼ DS�

R
� DH�

RT
; ð4Þ

where MCs is the concentration of antibiotic adsorbed (lM), T is the
solution temperature in K, and R is the gas constant
(8.314 J K�1 mol�1). The enthalpy of the MC on CeO2 is obtained
from van’t Hoff plots as ln (MCs/MCeq) versus 1/T. The thermody-
namic parameters are shown in Table 1. Physisorption and chemi-
sorption can be classified, to a certain extent, by the magnitude of
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enthalpy change. Bonding strengths of <84 kJ mol�1 are typically
considered as those of physisorption bonds. Chemisorption bond
strengths can be 84–420 kJ mol�1 [44]. The DH� value for the
adsorption of MC on CeO2 is positive and 45.39 kJ mol�1 implying
that the interaction of MC with the solid is an endothermic process,
and it confirms that adsorption of the antibiotic onto CeO2 was dri-
ven by a physisorption process. The positive value of DS�
(130.67 J K�1 mol�1) reflects the affinity of the antibiotic towards
solids and may suggest some structural changes in adsorbate
(hydration of MC ions) and adsorbent (charged surface upon
adsorption) [41]. Finally, the positive value of DG� at the studied
temperatures shows that the nature of adsorption on CeO2 is not
spontaneous. However, DG� is less positive with temperature
increase showing that the adsorption process can be thermodynam-
ically feasible at higher temperatures.

In Figs. 5, 7 and 8, symbols correspond to data points whereas
solid lines correspond to the best-fitting Freundlich isotherms
calculated by adjusting the parameters KF and n. These parameters
are listed in Table 2. Even though the formulated model is rather
simple, it can fit reasonably well the adsorption of MC, i.e., the
goodness-of-fit of Eq. (1) was checked through the r2 values, which
was between 0.989 and 0.997 in all cases. Changes in pH ionic
strength and temperature result in important changes in the
adsorption isotherm, i.e., KF decreases as both pH and ionic
strength decreases whereas it increases as temperature increases.
On the other hand, the Freundlich parameters also show that the
adsorption conditions in all cases are favorable (n > 1).

4. Conclusions

The results shown in this article reveal that the adsorption of
MC on ceria nanoparticles is strongly dependent on pH, increasing
as pH decreases. The adsorption mechanism, controlled by diffu-
sion processes, is strongly related to electrostatic attractions and
H-bond formations mainly between functional groups of the anti-
biotic drug and CeO2. On the other hand, the adsorption capacity at
constant pH increases as ionic strength decreases and as tempera-
ture increases. The analysis of thermodynamic parameters sug-
gested that the adsorption on CeO2 is endothermic and not
spontaneous in nature.

The obtained results have a significant importance in environ-
mental processes, where the production of synthetic materials
can play a key role. Ceria is known to be a very good material for
several processes (oxide fuel cells, insulators, high refractive index

materials, UV filters, polishing materials, gas sensors, etc.) due to
its extraordinary thermal and chemical stability. However CeO2

can be also used as an excellent adsorbent for several antibiotics,
e.g. tetracycline and derivates, due to its mesoporous structure
and its high affinity towards hydrophilic molecules (in comparison
with e.g. activated carbon). This will not only benefit the deactiva-
tion of the mentioned pollutants but also reduce their leaching and
transport through groundwaters.
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